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Abstract: In this study, portland cement (PC) has been partially replaced with a Class F ﬂy ash (FA) at level of 70 % to produce
high-volume FA (HVFA) concrete (F70). F70 was modiﬁed by replacing FA at levels of 10 and 20 % with silica fume (SF) and
ground granulated blast-furnace slag (GGBS) and their equally combinations. All HVFA concrete types were compared to PC
concrete. After curing for 7, 28, 90 and 180 days the specimens were tested in compression and abrasion. The various decom-
position phases formed were identiﬁed using X-ray diffraction. The morphology of the formed hydrates was studied using
scanning electron microscopy. The results indicated higher abrasion resistance of HVFA concrete blended with either SF or equally
combinations of SF and GGBS, whilst lower abrasion resistance was noted in HVFA blended with GGBS.
Keywords: compressive strength, abrasion, recycle, cementitious materials, HVFA.
1. Introduction
The use of high-volume ﬂy ash (HVFA) concrete is one of
the solutions to eliminate the environmental degradations
being caused by cement industry. The cement industry, itself,
is responsible for about 5–8 % of world’s carbon dioxide
emissions (Rashad and Zeedan 2011), emits SO2 and NOx
which can cause the greenhouse effect and acid rain (Rashad
and Zeedan 2011; Park and Kang 2008), responsible for
global warming, and consumes a lot of natural resources and
energy (Rashad and Zeedan 2011; Taylor 1997; Rashad et al.
2013).
HVFA is an approach to maximize the FA input in con-
crete. However, HVFA concrete has been not a uniﬁed
deﬁnition yet now. Sivasundaram et al. (1990) believed that
the replacing cement ratio above 30 % with FA in concrete is
deﬁned as HVFA concrete. But 40 % is deﬁned as upper
limit in many state standards or regulations, the quantity of
FA in concrete do not exceed 40 % stipulated in many cases.
Therefore Dunstan et al. (1992) believed that above 40 %
FA in concrete deﬁned as HVFA concrete is suitable. Some
authors suggested that the concrete may be deﬁned as HVFA
concrete when the quantity of FA exceeds of cement in
cementitious material (i.e. the quantity of FA is more than
50 %). Bilodeau and Malhotra (1992a) suggested that the
quantity of FA in HVFA concrete must be 50–70 %, namely
the volume of FA is larger than cement in concrete. LEED
(PCA 2005) pointed that HVFA concrete included up to
40 % of FA in cement.
Silica fume (SF) composed of submicron particles of sil-
icon dioxide, is produced by electric arc furnace as a by-
product waste of the production of metallic silicon or fer-
rosilicon alloys. Their production amounts worldwide,
especially in industrial countries, have reached alarming
proportions. It is estimated that current global output of SF
is, at most, between 1 and 1.5 million tonnes per year
(Sakulich 2011; Rashad and Khalil 2013). Today the utili-
zation of SF in composite technology has increased recently
(Mei and Chung 2002). The ﬁrst utilization of SF in concrete
was reported in 1952 by a Norwegian researcher. It was only
in the late 1970s that SF started to be as a supplementary
cementitious material in concrete in Scandinavia. It was not
until the 1980s that it began to be used in this way in North
America (Koksal et al. 2008).
Ground granulated blast-furnace slag (GGBS) is a by-
product obtained in the manufacturing of iron in a blast
furnace where iron ore, limestone and coke are heated
between 1,400 and 1,600 C. Quenching process of molten
slag by water is converting it into a ﬁne (no larger than
5 mm diameter), granulated slag of whitish color. The rapid
cooling prevents the formation of larger crystals. The
resulting granular material comprises some 85–95 % non-
crystalline calcium-aluminosilicates (glassy materials) that
higher in energy than the crystalline material (Swamy 1986).
Although there are many uses of GGBS in concretes, the
vast majority of GGBS is still disposed of in landﬁlls.
The abrasion resistance of ﬂoor constructions from con-
crete with cement binders is very important for their service
life, especially in industrial enterprises. Deterioration of
concrete surfaces is caused by forms of wear due to various
exposures, such as erosion, cavitation, and abrasion.
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Abrasion wear occurs due to rubbing, scraping, skidding or
sliding of objects on concrete surface. This form of wear is
observed in pavements, ﬂoors or other surfaces on which
friction forces are applied due to relative motion between the
surfaces and moving objects.
The principal factors affecting the abrasion resistance of
concrete can be the environmental conditions, aggregate
type, dosage of aggregate, the concrete strength, the mixture
proportioning, the use of special cement, the use of sup-
plementary cementitious materials, water/binder (w/b) ratio
and the addition of ﬁber. Two other important factors have
an effect on abrasion resistance: surface ﬁnishing and curing
conditions. Numerous studies on the abrasion resistance of
concrete have been carried out to show that the abrasion
resistance of concrete is strongly inﬂuenced by compressive
strength, surface ﬁnishing techniques, curing types, aggre-
gate properties and testing conditions (Atis¸ 2002). There are
two views on the relationship between compressive strength
and abrasion resistance of concrete specimens. The ﬁrst is
that compressive strength is the most important factor gov-
erning the abrasion resistance of concrete (Naik et al. 1995)
and the abrasion resistance of concrete follows its com-
pressive strength (Atis¸ 2002, 2003a; Mehta 1986; Li et al.
2006; Rashad 2013). For instance, some authors (Rashad
2013; Naik et al. 1994, 2002; Yen et al. 2007) indicated that
the relationship between compressive strength and abrasion
resistance of concrete is linear, whilst Atis¸ (2002) pointed
out that this relation is hyperbolic. The second view is that
the abrasion resistance of concrete is independent only on its
compressive strength (Langan et al. 1990; Nanni 1989)
where a number of investigation have shown that curing
practice types (Nazari and Riahi 2011; Riahi and Nazari
2011) and surface ﬁnishing techniques have a strong inﬂu-
ence on the abrasion resistance of concrete (Ytterburg 1971;
Nanni 1988).
Liu (1981) compared the abrasion resistance of portland
cement (PC) concrete and FA concrete having 25 % cement
replacement. Abrasion resistance of concrete with or without
FA was similar up to 36 h of abrasion testing. Beyond 72 h
testing, the FA concrete lost about 25 % more weight than
the PC concrete. Gelber and Klieger (1986) studied the
abrasion resistance of concrete containing ten different
sources of Class F and Class C FA. Concrete mixtures were
proportioned to have 25 % FA, by weight of total cementi-
tious materials. They reported that the abrasion resistance of
Class C FA concretes was generally superior to Class F FA
concretes. Tikalsky et al. (1988) determined the abrasion
resistance of concrete having cement replacement in the
range of 0–35 % with Class F and Class C FA. Concretes
containing Class C FA performed better than that for plain
PC concretes and concretes containing Class F FA.
Ukita et al. (1989) evaluated the abrasion resistance of
concrete incorporating a low-calcium FA in the range of
0–35 % of cement by volume. Test results indicated that at a
15 % cement replacement with FA, abrasion resistance
increased with ﬁneness of FA. At 30 % FA content, the
abrasion resistance of concrete was lower than that for
concrete without FA. Yen et al. (2007) investigated the
abrasion resistance of HSC mixtures in which cement was
partially replaced with Class F FA at levels of 15, 20, 25 and
30 %, by weight. They concluded that the abrasion resis-
tances of FA concrete mixtures were improved by increasing
compressive strength and decreasing w/b ratio. The abrasion
resistance of concrete with 15 % FA was comparable to that
of control without FA. Beyond 15 % cement replacement,
FA concrete showed lower resistance to abrasion compared
to control concrete without FA. On the other hand Naik et al.
(1995) partially replaced cement with Class C FA at levels of
15, 30, 40, 50 and 70 %. They reported that the abrasion
resistance of concrete having cement replacement up to
30 % was comparable to the reference concrete without FA.
Beyond 30 % cement replacement, FA concrete exhibited
slightly lower resistance to abrasion relative to concrete
without FA.
Barrow et al. (1989) investigated the abrasion resistance of
concrete containing both ASTM Class F and Class C FA.
The two types of FA were used to replace cement, by vol-
ume, by 25 or 50 %. Curing condition for tested specimens
included combinations of 10, 23.8 and 37.7 C with 50 and
100 % RH. They indicated that due to lack of proper curing,
the abrasion resistance of FA concretes was less than those
for concrete without FA. Naik and Singh (1991) investigated
the effects of temperature and a Class F FA addition on
concrete strength and abrasion resistance under simulated
hot weather conditions. The results revealed that at 23 C,
the abrasion resistance increased with increasing FA content,
whilst at higher temperatures (35–49 C), the abrasion
resistance was adversely affected by the inclusion of low-
calcium FA.
Langan et al. (1990) studied the compressive strength and
the durability of concrete containing substitute materials at a
50 % replacement level, by weight of cement. Seven FA,
together with limestone as an inert ﬁller material, were used
as replacement materials. The results revealed that the pre-
sence of FA at high levels of cement replacement increased
the weight loss due to abrasion at all ages relative to concrete
without FA. Naik et al. (1992) determined the abrasion
resistance of FA concretes. Both Class C (20–50 %) and
Class F (40 %) mixtures were proportioned. A superplasti-
cizer was added to the Class F FA concrete mixture to keep
the w/b ratio below 0.36. Test results revealed that the Class
C FA concrete mixtures (20–50 %) showed similar results,
whilst the 40 % Class F FA concrete mixture indicated a
higher depth of wear relative to Class C FA mixtures.
Bilodeau and Malhotra (1992b) studied the abrasion resis-
tance of concrete incorporating high volumes of Class F FA.
Superplasticized proportions were developed for concrete
mixtures containing 55–60 % FA of total cementitious
materials. Their test results showed lower abrasion resistance
of HVFA concretes relative to the concrete without FA.
Carette et al. (1992) studied the abrasion resistance of air-
entrained, superplasticizer, high-volume Class F FA con-
crete. The content of FA ranged from 55 to 60 % of the total
cementitious materials. They indicated that some concrete
exhibited signiﬁcantly lower abrasion resistance than other
concretes of similar or even lower compressive strength. On
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the other hand Naik et al. (1997) reported that strength and
durability properties including abrasion resistance for the
40 % FA mixture were either comparable or superior to the
concrete without FA.
Bouzoubaaˆ et al. (2001) examined the abrasion resistance
of concrete incorporating 58 % Class F FA of total binding
materials. Test results revealed that FA concrete had lower
abrasion resistance than the concrete without FA. Atis¸
(2002) partially replaced cement with FA at levels of 50 and
70 % in concrete mixtures prepared with various w/b ratios.
Superplasticizer was employed in some mixtures to control
the concrete workability. They reported that for high strength
grades ([40 MPa), the abrasion resistance of HVFA con-
crete with 70 % replacement of cement was higher than that
of control concrete and concrete made with 50 % FA. Naik
et al. (2002) partially replaced cement with three different
types of Class C FA at levels of 40, 50 and 60 %. The w/
b ratio was kept constant at 0.3 for all mixtures. All concrete
types were exposed to abrasion according to ASTM C 944.
They reported that the 40 % FA mixture was as abrasion
resistant as the FA-free mixture. Beyond 50 % FA content,
abrasion resistance of FA concrete mixtures was slightly
lower as compared with the reference mixture. Siddique
(2010) studied the abrasion resistance of HVFA concrete in
which cement was partially replaced with FA at levels of 40,
50 and 60 %, by weight. The results indicated that the
abrasion resistance of concrete having cement replacement
up to 40 % was comparable to the normal concrete. Beyond
40 % FA content, concretes exhibited slightly lower resis-
tance to abrasion related to normal concrete. In another
investigation Siddique (2004) studied the abrasion resistance
of HVFA concrete where cement was partially replaced with
FA at levels of 40, 45 and 50 %, by weight. The results
indicated that as FA content increased as the abrasion
resistance decreased.
Kumar et al. (2007) partially replaced cement in concrete
for pavements with FA at levels of 20, 30, 40, 50 and 60 %,
by weight. They reported that the abrasion resistance
decreased with the increase in FA content. The abrasion
resistance of 60 % FA at w/b ratio of 0.3 was adequate to the
pavement consideration. On the contrary Yaxıcı and I˙nan
(2006) studied the abrasion resistance of different concrete
mixtures having the same slump of 50 ± 15 mm. The
mixtures included PC concrete, 30 % SF replacement of
cement, 25 % FA replacement of cement, 5 % FA replace-
ment of sand, 10 % FA replacement of sand and 15 % FA
replacement of sand, respectively. They reported that 25 %
FA, as a partial cement replacement, caused signiﬁcant
reduction in the abrasion resistance, whilst 5, 10 and 15 %
FA as sand replacement generally exhibited same abrasion
resistance with PC concrete mixture.
Indeed, there is no published literature on compressive
strength and abrasion resistance of HVFA concrete mod-
iﬁed with SF, GGBS and their equally combinations. This
paper presents the compressive strength and the abrasion
resistance of HVFA concrete in which cement was par-
tially replaced with FA at level of 70 %. Then, HVFA
concrete modiﬁed with other cementitious materials, where
10 and 20 % of FA was partially replaced with SF, GGBS
and their equally combinations. This study also aims to
respond extra four issues: lower emission of pollutants
into atmosphere by replacing PC, reduction in consump-
tion of natural resources required in PC industry, reduction
in the amount of fuel required in PC industry and elimi-
nate FA, SF and GGBS disposals. However, this investi-





Commercially available PC, CEM I, 42.5N, of Blaine
surface area 3,350 cm2/g and conﬁrming to the Egyptian
Standard speciﬁcations (ES 4756-1/2007) is used. The used
FA in the current investigation obtained from disposal waste
resulting from the combustion of pulverised coal in the coal-
ﬁred furnaces. It is classiﬁed as low calcium Class F FA in
ASTM-C618. Speciﬁc gravity of the FA was 2.4 t/m3. Its
Blaine speciﬁc surface area was 4,000 cm2/g. The GGBS
was delivered from disposal waste resulting from steel
industry of Helwan Steel Factory (Cairo, Egypt) in the form
of water quenched ﬁne grains. The GGBS was then ﬁnely
ground in a laboratory ball mill, the fraction passing 100 lm
sieve was used through this investigation. The used SF in the
current investigation obtained from disposal waste resulting
from the ferro-silicon alloys industry. Its Blaine surface area
and the speciﬁc gravity were 202,000 cm2/g and 2.32 t/m3,
respectively. The relevant chemical compositions of all
cementitious materials were evaluated by X-ray ﬂuorescence
(XRF) analysis and shown in Table 1. Figure 1 shows the
diffractograms of raw FA, SF and GGBS samples analyzed
by X-ray diffraction (XRD).
2.1.2 Aggregates
The used coarse aggregate is crushed dolomite stone
(limestone) with nominal maximum size of 10 mm. Locally
available river sand conﬁrming to the medium grading zone
of the Egyptian Standard speciﬁcation (ES 1109/2002) is
employed.
2.1.3 Chemical Admixture
High-range water reducer (HRWR) has a sulphonated
naphthalene base that is used at a dosage of 2.0 % from the
total cementitious materials weight (i.e. 8 l/m3) to accom-
plish high ﬂowability.
2.2 Mixtures Proportions
A total number of eight mixtures were cast. All concretes
were proportioned for an invariant effective w/b ratio
of 0.4, of total cementitious materials, and total cementi-
tious content of 400 kg/m3. The ﬁrst mixture (F0) was
made of PC only as the binder, whilst the remaining mix-
tures were incorporated binary (PC ? FA), ternary
(PC ? FA ? SF, PC ? FA ? GGBS) and quaternary
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(PC ? FA ? SF ? GGBS) cementitious blends in which a
proportion part of PC was partially replaced with the min-
eral admixtures. The binary mixture (F70) was prepared by
interchanging PC by FA at replacement level of 70 %, by
weight, of the total binder content. The ternary mixtures
(F60S10, F50S20, F60G10 and F50G20) were prepared by
either FA and SF or FA and GGBS, where FA was partially
replaced with 10 and 20 %. The quaternary mixtures
(F60S5G5 and F50S10G10) were prepared by FA, SF and
GGBS blends, where FA was partially replaced by 10 and
20 %. However, the mixture proportions are summarized in
Table 2 in which the mixtures were designated according to
the type and the amount of the cementitious materials
included.
2.3 Methods
The mixing process was kept constant to supply the same
homogeneity and uniformity in all mixtures. It starts by
mixing all of powder and sand for a minute using pan mixer.
Then, three quarters of the mixing water was added and
mixed for an additional 2 min. Coarse aggregate was sub-
sequently added to the rotating mixer and mixing was con-
tinued for further 2 min. Thereafter, the HRWR with
remaining water was added and the mixture was mixed for
an additional 3 min until the mixture became homogenous.
Cubes of 100 mm side long moulds comply with BS 1881
and moulds of 71 9 71 9 30 mm comply with ES: 269-2/
2003 were cast and vibrated for 1 min to remove air bubbles.
Twenty four hours after casting, the specimens were
demolded and cured in water till the age of testing.
In hardened state, cubes were tested in compression at
ages of 7, 28, 90 and 180 days according to BS 1881: Part
116: 1983 (British Standards Institution 1983). Abrasion
resistance was carried out at ages of 7, 28, 90 and 180 days
according to Egyptian Standard speciﬁcations ES: 269-2/
2003 (2003). In compliance with ES: 269-2/2003, the
abrasion system had a steel disc, which had a diameter of
750 mm and rotating speed of 30 ± 1 cycle/min, a counter
and a lever, which could apply 294 ± 3 N on the specimens.
Abrasion test apparatus is shown in Fig. 2. In the test pro-
cedure, 20 ± 0.5 g of wear dust (corundum crystalline
Al2O3) was spread on the disc, the specimens were then
placed, the load was applied to the specimen and the disc
was rotated for four periods, whilst a period was equal to 22
revolutions. After that, the surfaces of the disc and the
sample were cleaned by the brush then new 20 ± 0.5 g
Table 1 Oxide composition of cementitious materials after calculation from XRF results.
Composition PC FA SF GGBS
CaO 63.47 4.76 0.98 45.88
SiO2 20.18 55.95 95.2 30.38
Al2O3 4.83 23.3 – 9.05
MgO 2.47 1.85 0.431 5.39
Fe2O3 3.16 4.84 1.0 3.82
SO3 3.26 0.65 0.02 1.78
K2O 0.52 1.82 1.03 0.31
Na2O 0.16 0.91 0.91 0.52
TiO2 0.3 1.03 – –
MnO 0.22 0.05 – –
P2O5 0.09 0.73 – –
CaCO3 – – – –
Cl- – – – –
L.O.I. 2.18 3.47 0.429 1.41
Fig. 1 XRD patterns for FA, SF and GGBS.
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standard abrasive dust is placed and the specimens were
rotated 90 in the horizontal axis. The above-mentioned
procedure was repeated for 16 periods (i.e., the specimens
were submitted to a 16 9 22 revolutions) by rotating the
specimens 90 in each period. Thickness measurements of
the specimens also have been done from three points. The
abrasion thickness loss can be calculated from:





where A (mm) is the average abrasion thickness loss, W0
(g) and W1 (g) are the initial and ﬁnal weight of the speci-
men, V (mm3) is volume and S (mm2) is surface of the
specimen.
At age of 28 days, after the compressive strength/abrasion
resistance test, selected debris from the crushed samples were
stored in acetone for 3 days in order to stop the hydration. The
debris was then ﬁltered from the acetone and dried in the
desiccators under vacuum. Part of the dried samples was
ground in an agate mortar. Particles passing a 63 lm sieve
were used for XRD. Some selected pieces were also used for
the scanning electron microscopy (SEM) analysis.
3. Results and Discussion
3.1 Compressive Strength
From here on, the term ‘‘slag’’ will refer to (GGBS).
However, the compressive strength development for all
concrete mixtures is presented in Fig. 3. There is a notice-
able decrease in compressive strength when PC was partially
replaced with 70 % FA (F70) during 7, 28, 90 and 180 days
of hydration. The highest reduction in compressive strength
was observed at 7 days of hydration which reached 71.02 %.
It can be noted from Fig. 3 that as curing time increases as
the reduction in compressive strength between F0 and F70
decreases. The reductions in compressive strengths due to
the inclusion of 70 % FA were 66.46, 49.43 and 38.42 % at
ages of 28, 90 and 180 days, respectively. The results of
strength values at 90 and 180 days indicated that there was
continuous and signiﬁcant improvement in strength beyond
the age of 28 days. The increase in strength from 28 to
90 days was 82.39 %, whereas the increase in strength from
28 to 180 days was 143.43 %. The increase in strength is
due to the cement that continued to hydrate. The lower
compressive strength in F70 specimens, especially at early
age, is due to the weak interfacial zone between the aggre-
gate and HVFA paste (Jiang 1999) and due to the slow
pozzolanic reaction of FA (low-calcium) and the dilution
effect is dominant especially during the early ages, with only
a few parts of the FA participating in the reaction (Jiang and
Guan 1999). Similar results, at 28 days, were reported
elsewhere (Atis¸ 2003b; Lammertijn and De Belie 2008;
Dura´n-Herrera et al. 2011). However, after 7 days of
hydration Gu¨neyisi and Gesog˘lu (2008) found the reduction
in mortar compressive strength due to the inclusion of 60 %
FA was about 71.58 % whilst Atis¸ (2005) found 64.46 %
reduction in roller concrete compressive strength due to
replacing cement with 70 % FA. Other authors as Baert et al.
(2008) found 35 % reduction in concrete compressive
strength, at 91 days, due to replacing cement with 60 % FA,
whilst Gesog˘lu et al. (2009) found 40 % reduction in con-
crete compressive strength, at 90 days, due to replacing
cement with 60 % FA.
Table 2 Concrete mixture proportions.
Mixture Ingredient/m3
Designation PC (kg) FA (kg) SF (kg) GGBS (kg) CA/sanda (kg) w/b HRWR (l)
F0 400 0 0 0 1.8 0.4 8
F70 120 280 0 0 1.8 0.4 8
F60S10 120 240 40 0 1.8 0.4 8
F50S20 120 200 80 0 1.8 0.4 8
F60G10 120 240 0 40 1.8 0.4 8
F50G20 120 200 80 0 1.8 0.4 8
F60S5G5 120 240 20 20 1.8 0.4 8
F50S10G10 120 200 40 40 1.8 0.4 8
a Coarse aggregate to sand ratio by weight.
Fig. 2 Abrasion test apparatus.
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The inﬂuence of replacing part from FA with SF at levels
of 10 and 20 % on compressive strength values is shown in
Fig. 3. The enhancements in strength depend on the content
of SF in the HVFA concrete matrix. As shown in Fig. 3,
when 60 % FA incorporated with 10 % SF, the compressive
strength is markedly increased at all ages. The enhancement
in strength was 5.8 % at 7 days, related to F70, whilst it
reached 40 % at 28 days. However, the enhancements in
strengths of F60S10 over those of F70 were 15 and 4.4 % at
ages of 90 and 180 days, respectively. Increasing the dosage
of SF from 10 to 20 % with combination of 50 % FA led to
further increasing in compressive strength values at all ages.
The increases in compressive strengths were 107.6, 191.4,
127.4 and 105.1 % at ages of 7, 28, 90 and 180 days,
respectively, relative to F70.
Replacing part of FAwith equally combinations of SF and
slag, led to marginal increases in compressive strengths at
10 % replacement and signiﬁcant increases in compressive
strengths at 20 % replacement. The increases in compressive
strengths at replacement level of 10 % were 100.9, 114.8,
110.8 and 102.1 % at ages of 7, 28, 90 and 180 days,
respectively, whilst they were 118.2, 193.9, 140.9 and
128.4 % at replacement level of 20 %, respectively. Other
previous author (Yazici 2008) reported that the inclusion of
SF in HVFA concrete had positively affected the compres-
sive strength. Zhang et al. (2011) partially replaced cement
in concrete with 15 % FA, in addition, part of the cement
was replaced with SF at levels of 3, 6, 9 and 12 %. The
results indicated that as the content of SF increased as the
compressive strength of concrete increased at ages of 3, 7
and 28 days. Rashad et al. (2009) partially replaced 20 % of
cement with individual FA and equally combination of SF
and FA. They reported that the compressive strength of
(SF ? FA) concrete mixtures was higher than that of FA
concrete mixtures at ages of 28, 90 and 365 days. Toutanj
et al. (2004) concluded that the combination of different
supplementary materials increased concrete compressive
strength. They investigated combination of 10 % SF, 25 %
slag, 15 % FA and 50 % cement, and found an increase in
strength about 22 % over the control mixture (with neat
cement) at age of 14 days. On the other hand, Nassif et al.
(2005) reported that there was adverse effect on concrete
compressive strength when 10 % SF blended with 20 % FA
and 70 % PC compared with 30 % FA ? 70 % PC at ages
from 1 up to 90 days.
In general, SF is very reactive pozzolanic material because
of its extreme ﬁneness and very high amorphous silicon
dioxide content. The mechanism of SF in concrete can be
described basically under the following roles: pore-size
reﬁnement and matrix densiﬁcation; cement paste–aggregate
interfacial reﬁnement; and reaction with free-lime (Rafat
2001). However, the enhancement in the compressive
strengths of hardened HVFA concretes due to the inclusion
of SF may be related to the packing effect of the ﬁne SF
which acts as ﬁller which ﬁll in voids among FA and cement,
resulting in a compacted system, thus the compressive
strength values enhanced and increased. Further, the parti-
cles of SF are also served as the nucleation sites of hydration
reaction, which promotes the reaction rate and the formation
of hydration products (Rashad and Khalil 2013). Moreover,
the ﬁne SF caused signiﬁcant improvements in the distri-
bution of pore size and pore shape of the matrix where pore
size distribution has been found to be one of the major
factors affecting strength development (Taylor 1997). It is
worth mentioning that the SF has a high pozzolanic effect.
SF contains about 96.1 % SiO2 as shown in Table 1. These
rezones make the HVFA concrete containing SF stronger
than HVFA concrete without SF.
For F60G10 and F50G20 series, the compressive strengths
of these series seemed to be lower than that of F70. The
inclusion of 10 % slag with 60 % FA caused a reduction in
compressive strengths at all ages, relative to F70. The
reduction in strength increased as the concrete age increased.
These reductions were 11.89, 30.79 and 36.64 % at ages of
28, 90 and 180 days, respectively. The lowest compressive
strength of 8.04 MPa was obtained, at age of 7 days.
Increasing the FA replacement level with slag from 10 to
20 % led to a reduction in the compressive strength gap
between F60G10 and F70. The reductions in compressive
strengths, related to F70, were 11.81, 0.9, 16.56 and
13.27 % at ages of 7, 28, 90 and 180 days, respectively.
These reductions in compressive strengths may be related to
the lower speciﬁc surface area of the used slag compared to
FA. However, some studies showed that slag is slowly
reactive (Swamy 1990) and the addition of slag retarded the
setting time of concrete (Hogan and Meusel 1981). The
results of compressive strength values that obtained by
Kuder et al. (2012) indicated that concretes containing 60 %
FA gave lower strength values than that containing 45 % FA
combined with 15 % slag at age of 7 days, whilst concrete
containing 80 % FA gave higher strength values than that
containing 60 % FA combined with 20 % slag at ages of 7,
14, 28 and 56 days. It worth mentioning that Rashad et al.
(2009) reported that when cement was partially replaced
with 10 and 20 % with either slag or FA, the compressive
strength of slag concretes was lower than that of FA concrete
mixtures at ages of 7, 90 and 365 days. They also
reported that the concrete compressive strength of 20 %
(from cement weight) of equally combination of FA and slag
was lower than that of the individual FA at ages of 7, 90 and
365 days.
Fig. 3 Compressive strength development.
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3.2 Abrasion Resistance
First of all, when concretes were tested for abrasion
resistance, similar ﬁndings to those of the compressive and
splitting tensile strengths were recorded. Further, abrasion
test results indicated that the compressive strength was an
important factor affecting the abrasion resistance of concrete
as well as splitting tensile strength, such that the higher the
strength is, the higher the abrasion resistance of concrete will
be. However, the abrasion resistance test was performed at
ages of 7, 28, 90 and 180 days for all concrete mixtures. In
general, the depth of abrasion of concrete mixtures decreased
with age (Figs. 4, 5, 6). This was primarily attributed to the
increase in compressive strength resulting from increasing
the maturity of each concrete mixture. From Figs. 4, 5 and 6
it can be seen that abrasion resistance of both HVFA and
HVFA blends concrete mixtures was lower than that of the
F0 mixture at all ages.
Figure 4 shows that the abrasion resistance of F0 was
sharply lowered with the inclusion of 70 % FA, as cement
replacement (F70). The F70 exhibited sharply decreasing in
wear depth from 7 up to 90 days. Beyond 90 days, F70
showed gradually decreasing in wear depth. On the other
hand, the F0 exhibited sharply decreasing in wear depth
from 7 up to 28 days, then gradually trend decreasing in
wear depth was observed. At age of 90 days, the abrasion
resistance of F70 is partially comparable to that of F0 at
7 days, whilst the abrasion resistance of F70 at age of
180 days is higher than that of F0 at age of 7 days.
Replacing part of FA with 10 % SF (F60S10), resulting
improving in abrasion resistance at all ages, compared to
F70. The most pronounced increasing in abrasion resistances
was observed at ages of 7 and 28 days. Beyond 28 days,
marginal increases in abrasion resistance were observed.
Further increase in SF content from 10 to 20 % (F50S20) led
to further increase in abrasion resistance. As shown in
Fig. 4, the wear depth versus hydration time of F50S20
shows the same trend of F0 where signiﬁcant decreasing in
wear depth from 7 to 28 days, then gradually decreasing in
wear depth beyond 28 days was observed. It can be noted
from Fig. 4 that the abrasion resistance of F50S20 at 28 days
is comparable to that of F0 at 7 days. Compared to F70,
there is a signiﬁcant improving in abrasion resistance espe-
cially at ages of 7 and 28 days, where wear depth of F70 at
28 days was about 1.34 times that of F50S20, whilst it
reached only 1.02 times at age of 180 days. It can be noted
that the abrasion strength of F50S20 is comparable to that of
F60S10 at age of 180 days. It can be concluded from Fig. 4
that as the SF content increases as the abrasion resistance
increases (i.e., the wear depth decreases).
Figure 5 shows the wear depth versus hydration time of
F60S5G5 and F50S10G10 compared to F0 and F70. The
inclusion of 10 % of equally combination of SF and slag led
to marginal improvements in abrasion resistance at all ages,
relative to F70. Comparing the abrasion resistance of
F60S5G5 with that of F60S10 which presented in Fig. 4, it
can be noted that there is a slightly decreasing in abrasion
resistance of F60S5G5 compared to F60S10. Increasing the
replacement level up to 20 %, with equally combination of
SF and slag (F50S10G10), led to sharply increasing in
abrasion resistance. The wear loss versus hydration time
trend of F50S10G10 seemed to be similar of that of F0 and
F50S20. Apparently from Fig. 5 its clear noted that the
abrasion resistance of F50S10G10 at 180 days is higher than
that of F0 at age of 28 days. Comparing the wear loss of
F50S10G10 with that of F50S20 which presented in Fig. 4,
it can be observed that F50S10G10 gave slightly higher
Fig. 4 Wear depth of F0, F70, F60S10 and F50S20 versus
age.
Fig. 5 Wear depth of F0, F70, F50S10G10 and F60S5G5
versus age.
Fig. 6 Wear depth of F0, F70, F60G10 and F50G20 versus
age.
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abrasion resistance than F50S20. Indeed, regardless of F0,
F50S10G10 gave the highest abrasion resistance.
In the literature, some authors reported that the inclusion
of SF increased the concrete/mortar abrasion resistance. Turk
and Karatas (2011) studied the abrasion resistance of self
compacted concrete in which cement was partially replaced
with FA or SF. The replacement levels of FAwere 25, 30, 35
and 40 %, whilst they were 5, 10, 15 and 20 % for SF. They
reported that SF concretes gave better abrasion resistance
than FA concretes. The abrasion resistance increased as SF
content increased up to 15 %, whilst the abrasion resistance
decreased with increasing FA content. Liu (2007) partially
replaced cement in concrete with SF at levels of 5 and 10 %.
The waterborne abrasion over a large area of the tested slab
was developed to investigate the inﬂuence of surface cracks
on the abrasion resistance of concretes. The results indicated
that the abrasion resistance increased with the increase in SF
content.
Figure 6 shows the wear depth versus hydration time of
F60G10 and F50G20 compared to F0 and F70. However,
replacing part of FA with 10 % slag (F60G10) led to
adversely effect on abrasion resistance of concrete. The
abrasion resistances of F60G10 not only lower than that of
F0, but also lower than those of F70. The abrasion resis-
tances of F60G10 account the lowest abrasion resistance of
the studied concrete mixtures. Obviously form Fig. 6 it can
be noted that the abrasion resistance of F60G10 at 180 days
is lower than that of F70 at 90 days. Increasing the dosage of
slag from 10 to 20 % (F50G20) led to marginal improving in
abrasion resistance at ages of 7, 28 and 90 days and sig-
niﬁcant improving in abrasion resistance at age of 180 days,
compared to F60G10. The abrasion resistance of F50G20 is
still lower than that of F70 at all ages. In the literature some
authors reported that the inclusion of slag decreased the
abrasion resistance of the matrix where Yetgin and C¸avdar
(2011) studied the effects of some additives as SF, blast
furnace slag, FA, natural pozzolan and limestone on the
abrasion resistance of mortars. W/b ratio was constant for all
mortar mixtures at 0.5. Abrasion of the mortar mixtures were
evaluated after curing in tap water for six different periods
throughout 1 year. The Bohme apparatus was used during
abrasion tests. The results indicated that the increase of
clinker, limestone and SF ratios increased the abrasion
resistance at the end of the year, whilst blast furnace slag,
natural pozzolan and FA conversely affected the abrasion
resistance.
Figure 7 shows the relation between depth of wear and
compressive strength of all concrete mixtures regardless of
pozzolan content and curing time. It is abundantly clear from
this ﬁgure that the abrasion resistance of concrete is closely
related with compressive strength. The ﬁgure clearly shows
that the depth of wear decreases as compressive strength
increases. This mean that the compressive strength is the
most important factor governing the abrasion resistance of
concrete (Naik et al. 1995) and the abrasion resistance of
concrete follows its compressive strength (Atis¸ 2002, 2003a;
Mehta 1986; Hui 2006; Rashad 2013; Naik et al. 1994;
Hadchti and Carrasquillo 1988; Laplante and Aı¨fcin 1991;
Gjorv et al. 1990). However, Fig. 7 illustrates that a best-ﬁt
Fig. 7 Relationship between wear depth and compressive
strength.
Fig. 8 XRD patterns of concretes at 28 days hydration. Fig. 9 SEM micrographs of fracture surface of hardened F70.
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equation is derived by second order polynomial regression
of all data points in the ﬁgure. The correlation coefﬁcient
(value of R2) was very good (0.9298). Other authors
(Horszczaruk 2005; Gurpreet and Rafat 2012) in the litera-
ture reported that the relation between compressive strength
and abrasion resistance of concrete is polynomial. However,
the best regression of the relation between compressive
strength and abrasion resistance is still differ from author to
another, where there are abundant numerals of authors
believed that the relationship between compressive strength
and abrasion resistance of concrete (Hui 2006; Rashad 2013;
Naik et al. 1994, 2002; Yen et al. 2007; Ghafoori and
Diawara 1999; Atis¸ et al. 2009) or mortar (Ahmet and S¸u¨kru
2010) is linear. Other authors (Kazim and Mehmet 2011;
Rafat and Khatib 2010; Siddique et al. 2012; Konin and
Kouadio 2012) reported that the relation between abrasion
resistance and compressive strength is power, whilst Atis¸
(2002) and Yen et al. (2007) pointed out that this relation is
hyperbolic. Further, Siddique (2010) reported that this rela-
tion is logarithmic, whilst Horszczaruk (2005) and Singh and
Siddique (2012) reported that this relation is polynomial.
Ghafoori and Sukandar (1995) reported that the relationship
between compressive strength and abrasion resistance of
concrete is quadratic form. On the other hand, other authors
(Atis¸ and C¸elik 2002) reported that the relation between
ﬂexural tensile strength and abrasion resistance was stronger
than the relation between compressive strength and abrasion
resistance regarding to the pozzolanic reactions of FA as
Fig. 10 SEM micrographs of fracture surface of hardened blended HVFA concretes.
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well as the distinct nature of spaghetti-like (Mehta 1986;
Neville 1995) hydration production of hydrated FA and
cement paste.
3.3 Crystalline Phases
Figure 8 presents XRD traces of HVFA and blended
HVFA concrete samples at age of 28 days. The quartz
(SiO2) and mullite (Al6Si2O13) in the initial FA were
appeared in all samples. The calcite (CaCO3) and semi-
crystalline calcium silicate hydrate (CSH) were also detected
in all samples. The XRD of all samples do not contain
portlandite (CH). This means that the FA consumed the
portlandite. Evidently from Fig. 8 the sample incorporated
70 % FA shows smaller peak intensity of semi-crystalline
CSH compared to that of F50S20, F50G20, F60S5G5 and
F50S10G10 samples. The lower intensity of this peak may
be a part of the reason why lower compressive strength and
abrasion resistance obtained in F70 compared to those
mixtures. Apparently from Fig. 8 the sample incorporated
50 % FA plus 10 % SF plus 10 % slag (F50S10G10) shows
the highest peak intensity of semi-crystalline CSH. This may
be a part of the reason why F50S10G10 gave the highest
compressive and abrasion resistance of the blended HVFA
mixtures.
3.4 Morphology and Microstructural Analysis
Investigations of the microstructure of the hardened con-
crete samples using SEM have distinct changes in mor-
phology as a consequence of pozzolan type and its content.
Figure 9 shows micrographs of fracture surface of F70 at age
of 28 days. As shown from this ﬁgure, the sample is dom-
inated by FA particles which are spherical. These hollow
spheres are known as cenospheres. This sample seemed to
appear great deals of partly un-reacted and un-reacted FA
particles (retaining their smooth and spherical shape are
distinguishable) coated with hydration product (i.e. CSH) or
relicts of hydrated particles. Some pores could be observed
(at upper right and upper left).
Figure 10 gives the SEM micrographs of HVFA concrete
samples blended with SF, slag and their combinations after
28 days of hydration. With respect to the 70 % FA sample,
which shown in Fig. 9, a reduction in the apparent porosity
can be observed in F60S10 and F50S20 samples (Fig. 10a,
b) and the matrix looks more continuous and compact. This
may be a part of the reason why higher compressive strength
was obtained for blended HVFA concretes with SF as
compared to F70. The microstructure of F50S20 sample
(Fig. 10b) showed little un-reacted particles compared to
F60S10 sample which shown in Fig. 10a.
The microstructure of the hardened HVFA concrete sam-
ples blended with slag at levels of 10 and 20 % are shown in
Fig. 10c, d. Un-reacted FA and slag particles can be
observed. The FA and slag un-reacted particles are readily
distinguished by their geometry; FA is comprised of poly-
disperse spherical particles, whereas slag is visible as
irregular jagged particles (Duxson and Provis 2008) or
sharply angular (Escalante-Garcı´a and Sharp 2001). Some
porous can be observed intermixed with dense reaction
products. However, for both FA and slag particles, the
reaction occurs predominantly at particle surface, consuming
the precursor material and forming a porous partially-reacted
layer (Lloyd et al. 2009). It is clearly appear from Fig. 10c, d
that the microstructure of the sample containing higher
amount of slag (F50G20) seemed to be denser than that
containing lower amount of slag (F60G10) due to increasing
formation of CSH gel.
Figure 10e, f show the microstructures of concrete sam-
ples incorporating equally combinations of SF and slag at
total levels of 10 and 20 %, respectively. The reaction pro-
ducts formed is much more compact, homogeneous and
uniform when compared to the concrete sample with 70 %
FA (F70). A lower replacement of FA by equally combina-
tion of SF and slag (F60S5G5) is found to create a micro-
structure that is more porous than that in a F50S10G10
(Fig. 10e, f). This shows that the use of more FA replace-
ment levels with equally combinations contents of both SF
and slag increases the amount of reaction products forma-
tion, and consequently reduces the porosities and increases
the compressive strength and abrasion resistance. It is worth
mentioning that the microstructure of F50S10G10 (Fig. 10f)
seemed to be similar to that of F50S20 (Fig. 10b).
4. Conclusions
In this investigation the compressive strength and abrasion
resistance of PC concrete, HVFA concrete and HVFA con-
crete blends with SF and slag were studied. The inclusion of
FAwas 70 % as cement replacement; then 10 and 20 % from
FAwas partially replaced with individual SF, individual slag
and equally combinations of SF and slag. The following
conclusions are drawn from this investigation:
(1) Abrasion resistance of concrete was strongly inﬂu-
enced by its compressive strength, irrespective of
pozzolan content.
(2) Both compressive strength and abrasion resistance
decreased with the incorporation of 70 % FA compared
to F0, especially at early age. The reduction rate
decreased as curing time progressed.
(3) Irrespective of F0, incorporation 20 % of equally
combination of SF and slag (i.e. 10 % SF and 10 %
slag) in HVFA concrete gave the highest compressive
strength and abrasion resistance at all ages where the
abrasion resistance of F50S10G10 at age of 28 days
was comparable to that of F0 at age of 7 days, whilst
the abrasion resistance of F50S10G10 at age of
180 days was higher than that of F0 at age of 28 days.
(4) The incorporation of 20 % SF gave good compressive
strength and abrasion resistance and came in the second
place, incorporation of 10 % SF came in the third place
and incorporation of 10 % of equally combination of
SF and slag (i.e. 5 % SF and 5 % slag) came in the
fourth place.
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(5) Adversely effect of incorporation of either 10 or 20 %
slag, as individual, in HVFA concrete on both
compressive strength and abrasion resistance. The
inclusion of 10 % slag gave the lowest compressive
strength and abrasion resistance at all ages where the
abrasion resistance of F60G10 at age of 180 days was
still lower than that of F70 at age of 90 days.
(6) HVFA and HVFA blends concrete mixtures exhibited
substantially higher rates of compressive strength and
abrasion resistance gain as compared with the reference
concrete mixture (F0).
(7) It is recommended to blend HVFA concrete with
individual SF or with equally combination of SF and
slag to improve compressive strength and abrasion
resistance.
(8) It is not recommended to blend HVFA concrete with
individual slag because it gave adversely effect on
compressive strength and abrasion resistance.
(9) HVFA concrete can be used in the ﬁeld where high
abrasion resistance of concrete is required, providing that
proper mixture design is used and trials are carried out.
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